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Description 

In an actuator for moving a positioning element back and forth, particularly an 
electromagnetic actuator, the movement of the actuator armature is typically identical to the 
movement of the positioning element to be actuated, such that it is possible to measure the 
armature movement and consequently the movement of the positioning element in the region of 
the actuator. 

In an electromagnetic actuator with two spaced-apart electromagnets, the pole faces of 
which point toward one another and between which an armature is guided such that it can be 
moved back ind forth against the force of return springs when the electromagnets are alternately 
supplied with a current, a measurement of the current and/or voltage at the respective attracting 
magnet and during release of the restraining magnet makes it possible to draw conclusions about 
the armature movement that can subsequently be used for control purposes if the signals are 
processed appropriately. 

An electromagnetic actuator of this type is used, for example, as a fully variable valve drive 
for actuating a gas exchange valve of a reciprocating internal combustion engine. In view of 
stricter requirements regarding control accuracy, particularly with respect to influencing the 
impact velocity of the armature on the pole face of the respective attracting magnet and therefore 
also the touch-down speed of the gas exchange valve on the valve seat, a measurement of 
movements derived from the current and voltage curves at the coils of the electromagnets no 
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longer appears sufficient because the signals obtained therefrom can only be used for the 
subsequent engine cycle. 

Consequently, it is necessary to measure the movement of the armature and therefore the 
movement of the positioning element "online" over the entire length of stroke with the aid of a 
corresponding sensor assembly, such that the power supply of the electromagnets can be 
influenced by appropriately controlling the actuator, for example, an electromagnetic actuator, 
based on corresponding signals while the actuator moves the positioning element. This makes it 
possible to control armature movement in the current engine cycle. 

This requirement can only be fulfilled with a displacement sensor with a low error 
deviation that generates a corresponding signal during the entire stroke, i.e., a sensor that 
"reproduces" the stroke. Due to the requirements with respect to resolution and accuracy of gas 
exchange valves, as well as of injection nozzles and needle valves, associated with the relatively 
short strokes, the sensor assembly needs to be largely protected from interference. This also 
applies to other instances in which the movement of a reciprocating component, for example, a 
piston valve or the like, needs to be measured in a highly accurate fashion. In this case, the 
displacement signal being generated should be as linear as possible. 

A sensor of this type is known, in principle, from DE 101 57 119 A, wherein this sensor 
requires, however, a relatively long structural length if accurate measurement signals are to be 
obtained. 

The invention is based on the objective of developing a sensor assembly that is equivalent 
to the previously known sensor assembly, but has a substantially shorter structural length and 
generates an essentially linear displacement signal. 

According to the invention, this objective is attained with a sensor assembly with the 
characteristics of Claim 1, namely a sensor assembly for detecting travel of a movable member, 
particularly a positioning element that is moved by an actuator, wherein said sensor assembly 
features a stationary coil arrangement with an active coil and at least one passive coil arranged at a 
distance therefrom, wherein said coil arrangement is connected to a power supply unit and a signal 
acquisition device, wherein the sensor assembly also features an axially movable rod-shaped 
sensor part that is preferably manufactured from a magnetizable material and is connected to a 
positioning element that can be moved axially back and forth, wherein said rod-shaped sensor part 
is provided with at least one short-circuit element that is manufactured from an electrically 
conductive material with a low ohmic resistance and is respectively delimited by a final edge in the 
longitudinal direction, and wherein said short-circuit element has a dimension relative to the 
direction such of movement that one final edge of the at least one short-circuit element is enclosed 
by the active coil and another final edge of the at least one short-circuit element is at least partially 
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encompassed by one of the at least one passive coils in at least one of the final positions I, II 
defined by the given length of stroke h. 

The signal generation described in greater detail below is respectively achieved by means 
of a field variation in at least two coils that is realized by changing the length of penetration of at 
least one short-circuit element, arranged on the rod-shaped sensor part, into the active coil, 
wherein this length of penetration changes with the stroke. The particular advantage of the 
inventive solution can be seen in that the end region of the at least one short-circuit element is still 
covered by one of the two coils when the final position defined by the given length of stroke is 
reached. The otherwise passive second coil is then activated in this region. The "geometry" of the 
active coil and the at least one passive coil, i.e., their length, their distance from one another and 
the length of the short-circuit element, is chosen such that a transition from the material of the 
short-circuit element to the preferably ferromagnetic material of the rod-shaped sensor part, i.e., a 
final edge of the short-circuit element, always penetrates into at least one of the otherwise passive 
coils when the material transition defined by the other final edge of the short-circuit element 
approaches one end of the active coil. This already makes it possible to linearize the generated 
measuring signal. An additional third material transition between the different materials, 
particularly an additional short-circuit element, makes it possible to achieve a linearization of the 
output signal over practically the entire length of the stroke if the lengths of the zones of superior 
electric conductivity that are defined by the length of the short-circuit elements, as well as the 
distance between the two short-circuit elements and the thus-defined length of the zone of 
ferromagnetic material, are adapted appropriately with respect to the length of the coils. 

It is expedient if the length of the active coil is greater than the length of stroke h to be 
measured. 

In the utilization of electromagnetic actuators for actuating gas exchange valves of a 
reciprocating internal combustion engine, this interconnection can be realized such that one 
non-actuated and one actuated gas exchange valve are respectively interconnected in the half 
bridge. 

One particularly advantageous embodiment of the invention can be realized by arranging 
two short-circuit elements that are respectively delimited by final edges on the rod-shaped sensor 
part such that they are spaced apart from one another, and by choosing the distance between the 
facing ends of the at least two coils as well as the distance between the facing final edges of the 
short-circuit elements such that one final edge of the at least one short-circuit element is enclosed 
by the active coil and another final edge of the at least one short-circuit element is at least partially 
encompassed by one of the at least one passive coils in at least one of the final positions I, II 
defined by the given length of stroke h. 
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The linearity can be additionally improved with technical winding measures, for example, 
by purposefully irregular winding, additional compensation winding, or similar measures. When 
providing two passive coils, one of which is respectively associated with each end of the active 
coils, these passive coils are preferably wound in the same direction and are connected to one 
another in series, wherein these passive coils are realized in the form of quarter bridge elements 
and interconnected with the active coil such that a half bridge is formed. 

When the coil arrangement of such a sensor assembly is acted upon by a high-frequency 
alternating current, a high-frequency magnetic field is produced that acts upon the short-circuit 
element connected to the rod-shaped sensor part and generates eddy currents in the short-circuit 
element. The eddy currents in turn produce an opposing magnetic field that counteracts the 
high-frequency magnetic field, causing this opposing field in the form of a field displacement. The 
thus-caused field variation of the coil manifests itself externally in the form of an inductance 
change. If the rod-shaped sensor part with its opposing field is now moved relative to the coil 
arrangement, the displacement of the sensor part and therefore the displacement of the positioning 
element can be measured in a contactless fashion with the aid of a corresponding evaluation circuit 
based on the inductance change caused by the field variation. The rod-shaped sensor part 
preferably consists of a magnetically permeable or magnetically conductive material. The 
short-circuit element may be realized in the form of a short-circuit ring attached to the rod-shaped 
sensor part. Instead of realizing the short-circuit element in the form of a short-circuit ring, the 
rod-shaped sensor part of magnetizable material may also be divided and fitted with a rod-shaped 
intermediate piece of electrically conductive material that is fixedly connected thereto. 

In order to minimize the effect of external interfering influences, a housing is provided that 
largely encloses the coil arrangement and consists of a magnetically conductive material that, 
however, has an inferior electric conductivity. This is particularly important if the sensor assembly 
is directly connected to the actuator and the actuator is realized in the form of an electromagnetic 
actuator, namely because in this case corresponding noise fields are produced by operation of the 
electromagnets of the actuator. The coil arrangement is shielded from these noise fields by the 
housing. 

Although it would be possible, in principle, to apply the material of a ring-shaped 
short-circuit element to the rod-shaped sensor part in the form of a thin layer by means of vapor 
deposition, it is expedient for the short-circuit element in the form of a short-circuit ring to have a 
distinct wall thickness that preferably lies between 0.1 and 0.5 mm. This can be realized, for 
example, by machining a groove of corresponding depth into the ferromagnetic sensor part, 
wherein the width of the groove corresponds to the length of the respective short-circuit element, 
and the groove is subsequently electroplated with copper. A corresponding adaptation of the wall 



in auuuiei emuuuiineni ui ine invention, a carrier rrequency measuring Dndge provided tor 
power supply and signal acquisition purposes features a frequency generator, wherein both coils of 
the coil arrangement form part of the measuring bridge. In this case, it is expedient for the 
frequency generator to generate a high carrier frequency, for example, on the order of 100 kHz. 

Other embodiments and advantages of the invention are disclosed in the following 
description and illustrated in the figures. 

The invention is described in greater detail below with reference to the schematic 
embodiments illustrated in the figures. The figures show: 

Figure 1, an electromagnetic actuator for actuating a gas exchange valve; 

Figures 2a), b), c), an enlarged section through a basic variation of a sensor assembly with 
a short-circuit ring and two coils, in different operating positions; 
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thickness of the short-circuit element makes it possible to compensate a certain temperature 
dependence of the sensor assembly in this case. 

This is particularly important in sensor assemblies that are used in connection with 
actuators subjected to changing operating temperatures, for example, actuators for actuating gas 
exchange valves of reciprocating internal combustion engines. Copper or even aluminum is 
preferably used as the material for the short-circuit element, wherein this results in the specific 
resistance of the material of the short-circuit element increasing with the temperature at a given 
voltage, as well as in the intensities of the opposing magnetic field and the resulting magnetic field 
respectively decreasing and increasing accordingly. 

On the other hand, the high-frequency magnetic field of the coil arrangement acting upon 
the short-circuit element causes a skin-effect for the electric currents induced in the short-circuit 
element, i.e., the eddy currents only flow in a thin layer in the outer wall region of the short-circuit 
ring. Although the specific electric resistance of the short-circuit ring increases with the 
temperature, the eddy currents penetrate somewhat deeper into the material of the short-circuit 
ring in this case such that the temperature-related increase in specific electric resistance is largely 
compensated by a correspondingly increased conductor cross section. At a limited thickness of the 
short-circuit element, particularly at a limited wall thickness of the short-circuit ring, the 
penetration of the eddy currents is limited as the temperature increases such that the eddy currents 
decrease above a certain temperature. The temperature response of the sensor consequently can be 
influenced by the thickness of the short-circuit ring. A suitable choice of the wall thickness 
therefore makes it possible to partially compensate other temperature-related influences, for 
example, the temperature dependence of the permeability of the magnetic core and cladding 
material. 
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Figures 3a), b), c), a modification of the embodiment according to Figure 2 with two 
short-circuit rings and two coils, in different operating positions; 

Figure 4, a circuit arrangement for the embodiment according to Figure 3; 

Figures 5a), b), c), a modification of the embodiment according to Figure 3 with two 
short-circuit elements and three coils, in different operating positions; 

Figure 6, a circuit arrangement for the embodiment according to Figure 5, and 

Figure 7, a diagram in which the voltage is plotted as a function of the displacement, 
wherein the error deviation is also illustrated in this figure. 

The electromagnetic actuator shown in Figure 1 is essentially formed by two 
electromagnets 1 and 2 that are enclosed by two housing parts 3.1 and 3.2, wherein these two 
housing parts are spaced apart from one another by means of a housing part 3.3 in the form of a 
spacer, and are positioned such that their pole faces 4 point toward one another. An armature 5 is 
arranged in the space enclosed by the spacer 3.3 between the two poles faces 4, and is guided in a 
guide 7 by means of a guide pin 6.1 such that it can be moved back and forth. 

The armature 5 is connected to a return spring 8 by means of a guide pin 6.2 that is 
supported on the guide pin 6.1 in the region of the armature 5. The lower free end 9 of the guide pin 
6.1 is supported on the positioning element, in this case, for example, on the free end of the shaft 
11 of a gas exchange valve that is guided in the schematically indicated cylinder head 12 of a 
reciprocating internal combustion engine. A return spring 13 acts upon the gas exchange valve in 
the closing direction (arrow 11.1), wherein the return spring 13 and the return spring 8 act in 
opposite directions such that the armature 5 assumes an idle position between the two pole faces 4 
of the two electromagnets 1 and 2, as shown in Figure 1, when the electromagnets are in the 
currentless state. 

The housing parts 3.1 and 3.2 of the two electromagnets respectively enclose a preferably 
cuboid yoke member 14, wherein these yoke members are provided with recesses into which an 
annularly designed coil 15 is inserted. The respective coils can be alternately supplied with a 
current by means of a control unit, not illustrated in greater detail, for opening and closing the gas 
exchange valve. 

A sensor assembly 16 arranged on the opposite end of the actuator relative to the gas 
exchange valve essentially consists of a rod-shaped sensor part 17, for example, a so-called 
measuring stilt that for practical purposes represents an extension of the spring bolt 6.2. The 
rod-shaped sensor part 17 is enclosed by a coil arrangement 18 that is connected to a voltage 
supply and signal acquisition device 19. During operation, the back and forth movement of the 
rod-shaped sensor part 17 in the coil arrangement 18 generates an alternating current or an a.c. 
voltage that is proportional to the displacement of the sensor part, and therefore proportional to the 



9 



displacement of the armature 5 and therefore proportional to the displacement of the positioning 
element depending on the circuit arrangement and the design of the sensor. A direct tap makes it 
possible to obtain the armature displacement in the form of a signal, and a speed-proportional 
signal can be obtained by differentiation of the displacement signal. 

Figure 2 schematically shows a basic variation of the sensor assembly. In this case, Figure 
2a shows the design of the sensor while Figure 2b and Figure 2c show the possible final positions 
of the rod-shaped sensor part for the length of stroke h. 

According to Figure 2a), the sensor assembly essentially consists of the rod-shaped sensor 
part 17 that is encompassed by the coil arrangement IS connected to the voltage supply and 
evaluation device 19 (Figure 1) via corresponding leads 20, 21, 22. In the embodiment shown, the 
coil arrangement features a long active coil 1S.1 and a short passive coil 26.1 that are wound on a 
coil support 27. 

The rod-shaped sensor part 17 shown is connected to the positioning element and is 
provided with a short-circuit element 23 in the form of a ring or sleeve of an electrically 
conductive material with low ohmic resistance, namely a so-called short-circuit ring. The 
short-circuit ring 23 has two final edges 23.1 and 23.2. Its length relative to the direction of 
movement is chosen such that the end region delimited by one final edge, in this case the final edge 
23.1, is enclosed by the central region MS of the active coil 18.1 while the passive coil 26.1 is fully 
penetrated by the short-circuit ring in the central position M of the stroke h shown in Figure 2a). 

Once the sensor part 17 reaches the final position I shown in Figure 2b), the active coil 18.1 
is effectively almost completely penetrated by the short-circuit ring 23, while the passive coil 26.1 
is partially penetrated by the adjacent ferromagnetic material. Due to the fact that the essentially 
passive coil 26.1 encloses the final edge 23.2 of the short-circuit element 23 in the vicinity of the 
final position I, the coil 26.1 also becomes active near the final position and contributes to the 
linearization of the output signal in the bridge circuit according to Figure 4. 

Once the rod-shaped sensor part 17 reaches the final position II according to Figure 2c) 
during the return movement, the final edge 23.1 approaches the end of the active coil 18.1 while 
the short-circuit ring 23 is still surrounded by the passive coil 26.1, and the active coil 18.1 is 
effectively almost completely filled with the magnetically conductive material of the rod-shaped 
sensor part. A linearization of the output signal does not take place in this final position. 

With the exception of corresponding through-openings for the rod-shaped sensor part 17, 
the coil arrangement 18 may be enclosed by the housing 24 on all sides. In this case, the housing 24 
consists of a material with superior magnetic conductivity but inferior electric conductivity, and 
serves to shield the coil arrangement 18 from the influence of external magnetic fields. The coils 



10 



can be fixed in the housing 24, for example, with a pourable sealing compound. This also applies 
to the embodiments described below. 

The short-circuit ring 23 of a material with superior electric conductivity, preferably 
copper or aluminum, has a thickness that lies, for example, between 0.1 and 0.5 mm. In the 
embodiment shown, the short-circuit ring 23 is inserted into a groove 23.3 in the rod-shaped sensor 
part 17. The rod-shaped sensor part 17 can be directly formed by the positioning element to be 
actuated, for example, an injector needle of a fuel injector or the shaft of a gas exchange valve, 
such that the rod-shaped sensor part 17 penetrates the coil arrangement with its entire length, or by 
a corresponding bolt of the actuator armature or a measuring stilt connected thereto. 

A sensor assembly of this type operates in accordance with the eddy current principle. 
When a high-frequency alternating current acts on the coil arrangement 18 such that a 
high-frequency magnetic field is produced, electrical potential differences are induced in the 
short-circuit ring 23 that are transformed into eddy currents by the short-circuit. These eddy 
currents in turn produce an opposing magnetic field that counteracts the high-frequency magnetic 
field of the coil arrangement 18, causing the opposing field in the form of afield variation. During 
a movement of the rod-shaped sensor part 17, the direction and the displacement of the field 
variation relative to the coil arrangement manifest themselves externally in the form of a change in 
inductance that is dependent on the movement of the rod-shaped sensor part 17. Consequently, this 
makes it possible to measure the position and therefore the displacement of the sensor part 17 by 
means of a corresponding signal. 

Figure 3 shows a preferred embodiment of the sensor assembly in different operating 
positions, wherein this sensor assembly is illustrated in analogous fashion to that described with 
reference to Figure 2. Since identical components are identified by the same reference symbols, we 
refer to the preceding description in this respect. The coil arrangement 18 also features a long 
active coil 18.1 and a short passive coil 26.1 in this embodiment. The difference in comparison 
with the embodiment according to Figure 2 lies in the fact that the rod-shaped sensor part 17 is 
provided with two short-circuit rings, namely a first short-circuit ring 23 and a second short-circuit 
ring 23.0. The two short-circuit rings 23 and 23.0 are arranged on the rod-shaped sensor part 17 at 
a distance from one another. The distance between the final edge 23.1 of the short-circuit ring 23 
and the final edge 23.3 of the short-circuit ring 23.0 is once again adapted to the dimensions of the 
coil arrangement 18. Based on the central position M shown in Figure 3a), the final edge 23.1 of 
the short-circuit ring 23 is enclosed by the central region MS of the active coil 18.1 while the 
passive coil 26.1 is still penetrated by the ferromagnetic material of the sensor part 17. 
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Once the sensor part 17 reaches the final position I shown in Figure 3b), the active coil 18.1 
is effectively almost completely penetrated by the short-circuit ring 23 while the passive coil 26.1 
is still penetrated by the ferromagnetic material of the sensor part 17 only. 

Once the sensor part 17 reaches the final position II shown in Figure 3c, the active coil 18.1 
is effectively almost completely penetrated by the ferromagnetic material of the sensor part 17 
while the region delimited by the final edge 23.3 of the second short-circuit ring 23.0 penetrates 
and therefore activates the thus far passive coil 26.1. 

Figure 4 schematically shows a circuit for the acquisition of measurement signals, in the 
form of the carrier frequency measuring bridge, for the embodiments according to Figures 2 or 3. 
The coil 18.1 and the coil 26.1 of the coil arrangement 18 of the sensor assembly are 
interconnected with two additional impedances, for example, coils 18.3 and 18.4, such that a 
carrier frequency measuring bridge 29 is formed. The measuring bridge 29 is supplied with a 
high-frequency alternating current by means of a frequency generator 30. 

A field variation occurs if the respective active rod-shaped sensor part 17, with its 
short-circuit rings 23 and 23.0, is now moved relative to the coils 18.1 and 26.1 of the bridge 29 in 
the direction of the final position I. This causes a "detuning" of the bridge 29 that can be measured 
with an amplifier 31 and a band-pass filter 32. A stroke-dependent signal can be obtained with the 
aid of a rectifier 33, which can be realized in a phase-selective fashion, and a low-pass filter 34, 
wherein the stroke-dependent signal can subsequently be processed for control purposes, for 
example, in order to control the gas exchange valves. The passive coil 26.1 acts as a compensation 
coil in this case. If the sensor part 17 is moved in the direction of the final position II, the coil 18.1 
becomes passive in the final position II while the passive coil 26.1 becomes active, and thus 
counteracts the non-linear signal increase. 

Figure 5 shows a variation of the embodiment according to Figure 3, in which two short 
passive coils 26.1 and 26.2 are respectively arranged on either side of a long active coil 18.1. Since 
the corresponding circuit arrangement according to Figure 6 essentially corresponds to the circuit 
shown in Figure 4, we refer to the description of Figure 4 in this respect. The two coils 26.1 and 
26.2 are connected in series in this case. The inductance of the active coil 18.1 approximately 
corresponds to the sum of those of both passive coils 26.1 and 26.2. The two passive coils 26.1 and 
26.2 are electrically connected in series and form one-quarter of the carrier frequency bridge 29. 

The distance between the two short-circuit rings 23 and 23.0, as well as the length of both 
short-circuit rings 23 and 23.0 relative to the coil arrangement shown, are chosen such that in the 
central position of the final edge 23.1 of the short-circuit ring 23, said edge lies in the central 
region MS of the coil 18.1 and coil 26.1 still completely encloses the short-circuit ring 23 while the 



